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Lipid droplets form the storage reservoirs for lipids in adipocytes, and their stable appearance sug-
gests a static nature of lipid storage. A stable lipid store, however, may be maintained through the
dynamic recycling of lipid cargo between the cytoplasmic compartment and the lipid droplet. In this
study, we applied live-cell microscopy to follow intracellular transport steps of ﬂuorescently labeled
fatty acids in differentiated 3T3-L1 adipocytes. We demonstrate that intracellular lipids continu-
ously exit and re-enter lipid droplets, and that individual lipid droplets exchange their content on
a timescale of minutes. These data demonstrate a surprisingly high rate of intracellular lipid turn-
over in adipocytes and support the novel concept that lipid storage is achieved by dynamic recycling
rather than static retention.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The term ‘‘lipid storage’’ refers to the ability of adipocytes to
convert molecules of free fatty acids (FA) into hydrophobic triacyl-
glycerides (TAG) and sequester them in lipid droplets (LDs) [1]. FA
uptake in adipocytes is due, in large part, to protein-mediated
transport across the plasma membrane [2,3]. FA transport into
the LD is coupled to the process of enzymatic conversion of FA into
TAG [4], and TAG synthesis is counterbalanced by the opposing
action of lipolytic enzymes [5–7]. Over the past decade, researchers
identiﬁed several classes of LD-associated proteins and enzymes
that control lipid metabolism and regulate multiple aspects of LD
biogenesis (reviewed in [1,8,9]). LDs are highly dynamic organelles,
heterogeneous not only in size, but also in their lipid content and
the composition of their protein coats [10–12]. Microscopy-based
and biochemical studies have revealed the highly compartmental-
ized nature of the lipid biosynthetic and lipolytic pathways in
adipocytes [12–19]. These and older studies [20–22] suggestedchemical Societies. Published by E
; TAG, triacylglycerols; FRAP,
National Primate Research
ited States.
).that lipid stores may be more transient than previously antici-
pated. In this study, we employed live-cell confocal ﬂuorescence
microscopy in conjunction with a ﬂuorescently labeled FA tracer
to explore intracellular lipid trafﬁc in differentiated 3T3-L1 adipo-
cytes. We demonstrate that FA are shuttled rapidly into the LD and
can subsequently move between droplets, suggesting a novel form
of communication between these entities.
2. Results and discussion
2.1. BODIPY-C16 tracks fatty acid uptake in 3T3-L1 adipocytes
To follow FA transport in adipocytes, we used BODIPY-C16, a
ﬂuorescent analogue of palmitic acid. The biochemical properties
of BODIPY-labeled FAs have been reported to be similar to those
of natural and radio-labeled FAs: these ﬂuorescent lipids enter
the cell and are efﬁciently incorporated into the TAG pool in
3T3-L1 adipocytes [15,23]. To further evaluate this ﬂuorescent FA
probe, we determined the effect of FA concentrations and insulin
on the uptake of BODIPY-C16 into differentiated 3T3-L1 adipo-
cytes. When adipocytes were treated with increasing amounts of
BODIPY-C16 for 5 min and then imaged by confocal microscopy,
ﬂuorescence accumulated in the cytoplasm and in pre-existing
LDs in a concentration-dependent manner (Fig. 1). This resultlsevier B.V. All rights reserved.
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Fig. 1. BODIPY-C16 tracks fatty acid uptake in 3T3-L1 adipocytes. (A) Cells were treated for 5 min with the indicated concentrations of BODIPY-C16 and analyzed by confocal
microscopy, bar = 10 lm. (B) Plate reader-based measurements of BODIPY-C16 uptake by 3T3-L1 adipocytes. The error bars represent S.E.M., n = 4. (C) Cells were left
untreated or treated with 100 nM insulin for 30 min. BODIPY-C16 uptake was then performed for 5 min in the absence (left panel) or presence (middle panel) of 5 mM
palmitic acid.
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Fig. 2. The kinetics of BODIPY-C16 transport in lipid droplets. (A) 3T3-L1 adipocytes were pulse-labeled with 5 lM BODIPY-C16 for 20 s, rinsed, and chased without label for
additional 20 min. FA uptake was visualized by confocal microscopy, bars = 10 lm. LDs were subdivided into large (7–10 lm diameter) and small (2–5 lm diameter). Lower
panels represent enlarged images showing small clusters and their translocation into the LDs. (B) The kinetics of BODIPY-C16 uptake by small (ﬁlled circles) and large (open
circles) LDs. Fluorescent signals were normalized to the mean ﬂuorescence of a ﬁnal movie frame of the large LDs. The error bars represent S.E.M., n = 7. The error bars for the
large LDs are smaller than symbols. (C) Fluorescence traces of BODIPY-C16 uptake in two large (rhomboid symbols) and four small (triangles and circles) LDs in the
representative adipocyte. Fluorescence intensities were normalized to the surface area of the LDs. (D) The inverse correlation between the LD surface area and BODIPY-C16
uptake in the representative adipocyte.
R. Somwar et al. / FEBS Letters 585 (2011) 1946–1950 1947was conﬁrmed by ﬂuorimetry (Fig. 1B). BODIPY-C16 uptake in adi-
pocytes was inhibited by an excess of unlabeled palmitic acid and
stimulated by insulin (Fig. 1C). Thus, the present results are inagreement with previous studies that ﬂuorescent lipids are valid
reporters for tracking FA uptake in cells and adipose tissue
[15,18,19,23].
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To explore FA uptake into the LD and detect the time point at
which BODIPY-C16 reached a state of equilibrium with endoge-
nous lipids following entry into the cell, adipocytes were pulsed
with BODIPY-C16 for 20 s, washed, and chased with label-free
media for an additional 20 min. Immediately after pulse labeling,
ﬂuorescence accumulated in the cytoplasm and in small clusters
outlining the surface of preexisting LDs (Fig. 2A, ‘‘0 min’’). These
discontinuous clusters of ﬂuorescence were morphologically simi-
lar to the DGAT2-positive structures previously demonstrated to
be associated with the LD in 3T3-L1 adipocytes [15] and to small
BODIPY-C12-positive clusters attached to the surface of LDs in uni-
locular adipocytes of non-human primates [19]. These structures,
therefore, may represent the sites of TAG biosynthesis in adipo-
cytes; whether they comprise the specialized regions of the ER,
nascent membranous organelles, or substrate complexes with met-
abolic enzymes remains to be determined. Interestingly, the distri-
bution pattern of the small BODIPY-C16-containing structures is
similar to that of S3-12 [24], adipophilin (ADRP) [25,26], and
TIP47 [27] seen in oleate-treated adipocytes [12,13].
A longer chase period resulted in the loss of small clusters (half-
life: 170 s) and the simultaneous appearance of ﬂuorescence in the
interior of LDs (Fig. 2A, ‘‘4 min’’, Videos 1 and 2, Supplemental
Material). The translocation of ﬂuorescence in the LD was rapid
and may represent membrane fusion events. Fluorescence redistri-
bution was complete within 10–12 min of chase (Fig. 2A), suggest-
ing that the system had reached a steady state, with BODIPY-C16
likely being incorporated into the intracellular TAG pool. This
notion is supported by previous studies showing that the accumu-
lation of ﬂuorescently labeled FA in LDs of 3T3-L1 adipocytes is
coupled to TAG synthesis [15,28]. It appeared that large
(7–10 lm diameter) LDs accumulated signiﬁcantly less ﬂuores-
cence than small (2–5 lm diameter) LDs (Fig. 2A and B). When in-
tra-droplet ﬂuorescence was normalized to LD surface area, there
was an inverse correlation between BODIPY-C16 uptake and LD
size (Fig. 2C and D). To the best of our knowledge, this is the ﬁrst
demonstration that large LDs are less efﬁcient in transporting
and, possibly, metabolizing FA than small LDs. It is possible that
the difference in FA transport is related to previous ﬁndings that
small LDs are enriched in S3-12, adipophilin, and TIP47, while large
LDs are surrounded by perilipin [13]. Thus, small LDs that have a
high surface area-to-volume ratio may function as highly dynamic
and metabolically active organelles. The regulatory proteins that
can control LD size (possibly via membrane fusion and ﬁssion)
[14,29–34] may also indirectly ﬁne-tune lipid metabolism in
adipocytes.
2.3. Communication between lipid droplets
To quantify the intracellular FA mobility, we utilized the ﬂuo-
rescence recovery after photobleaching (FRAP) technique, com-
monly used for recording the rates of protein trafﬁcking between
membrane compartments and measurement of the lateral mobility
of lipids [35]. Adipocytes were labeled with BODIPY-C16 for 20 s
and then incubated in label-free media for 60 min to allow the
label to fully incorporate into LDs. Selected LDs were then photo-
bleached by targeted laser illumination and changes in ﬂuores-
cence in photobleached and proximal droplets were monitored
over time. We observed a recovery of ﬂuorescence in the LD that
was photobleached, and a concomitant decrease in ﬂuorescence
intensity of the adjacent LD (Fig. 3A and B and Video 3, Supplemen-
tal material). Furthermore, large LDs some distance away from the
photobleaching site also appeared to lose their ﬂuorescence during
the recovery period (Fig. 3A). Because there was no detectable
change in the level of total cellular ﬂuorescence during the imagingperiod (data not shown), the gain and loss of ﬂuorescence by differ-
ent droplets most likely represents intracellular movement of
lipids, and not a gain from extracellular sources.
The analysis of the kinetics of ﬂuorescence exchange between
two adjacent droplets, ‘A’ (ﬂuorescence acceptor) and ‘D’ (ﬂuores-
cence donor), showed that the rate of ﬂuorescence release from
droplet ‘D’, (k-1) was slower than the rate of ﬂuorescence gain by
droplet ‘A’, (k1) (Fig. 3C and D). Due to the slow recovery of ﬂuores-
cence by the bleached droplet (Fig. 3B and C, open circles), we be-
lieve that it is unlikely that lipid transfer between LDs is mediated
by unrestricted diffusion. Small LDs directly adjacent to the photo-
bleached area frequently retained their ﬂuorescence during the
recovery period (Fig. 3A and Video 3, Supplemental material), indi-
cating that large and small LDs may lack a functional connection
needed for lipid transfer, or that a critical size must be achieved
before lipid transfer can occur.
The present work reveals the highly dynamic nature of LD cores
and a high ﬂuidity of lipids within adipose cells. Future studies will
have to determine the biochemical nature of the small ﬂuorescent
clusters adjacent to the surface of LDs, and in conjunction with
electron microscopy analysis, reveal organelles associated with
these structures. Furthermore, it remains to be determined
whether the process of inter-droplet lipid transfer involves
enzymes of lipid metabolism, membrane fusion, or direct contacts
between membrane monolayers. It is possible that lipid recycling
between LDs is related to a process of protein sorting in the secre-
tory pathway [36]. It is intriguing to speculate that lipids shuttling
between LDs, as well as the size of LDs, can control lipid metabo-
lism, and may represent new therapeutic targets for the treatment
of obesity and better metabolic control in adipose tissue.
3. Materials and methods
3.1. Cells and tissue culture
3T3-L1 ﬁbroblasts were a gift from Dr. Christina Rondinone of
Abbott Laboratories (Abbott Park, IL) and were maintained in
DMEM containing 10% normal calf serum. Differentiation of pre-
adipocytes into adipocytes followed standard protocols [37]. Spe-
ciﬁcally, conﬂuent 3T3-L1 cells growing on 22-mm glass cover-
slips (Assistant, Germany) were differentiated for 3 days in 10%
Certiﬁed Fetal Bovine Serum (FBS, Invitrogen), 10 lM dexametha-
sone, 5 lg/ml human insulin (Sigma) and 20 lM 3-isobutyl-1-
methylxanthine (IBMX, Sigma) in DMEM. After 3 days, dexameth-
asone and IBMX were removed, and cells were cultured in high
insulin (5 lg/ml) media, followed by an additional 3 days without
insulin. Cells were used within 14 days from the start of
differentiation.
3.2. Microscopy analysis of FA uptake in 3T3-L1 adipocytes
BODIPY FL C16 (Molecular Probes; Corvallis, OR) was dissolved
in methanol and stored as small aliquots of 2.5 mM stock solu-
tions at 20 C. Only BSA that was certiﬁed FA-free by the manu-
facturer (Sigma) was used. For microscopy studies, cells were
treated and cultured in phenol red-free DMEM. Adipocytes grown
on 22-mm glass coverslips in 6-well plates were mounted in
imaging chambers equipped with outlets for adding and removing
solutions. Cells were then washed twice with DMEM containing
0.5% (wt/vol) bovine serum albumin (BSA) and then incubated
with DMEM containing 0.5% (wt/vol) BSA and various concentra-
tions of BODIPY-C16 for 5 min. Cells were then washed with phos-
phate-buffered saline (PBS) containing 0.5% BSA and then placed
in DMEM containing 0.5% BSA for 20 min. Images were then ob-
tained with a Leica DM IRBE confocal microscope with either
10 or 65 (oil) objective. For FRAP studies, cells were labeled
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Fig. 3. Communication between lipid droplets. (A) 3T3-L1 adipocytes were pulse-labeled with 5 lM BODIPY-C16 for 20 s, rinsed and chased without label for an additional
60 min. The selected LDs, outlined by a dotted line, were photobleached and ﬂuorescence changes were registered for 20 min using confocal microscopy. (B) Representative
traces of ﬂuorescence recovery in the acceptor LD (‘‘A’’, open circles) and ﬂuorescence loss from the adjacent donor LD (‘‘D’’, ﬁlled circles). (C) Averaged data showing post-
bleaching ﬂuorescence changes in two adjacent LDs. Open circles: background-subtracted ﬂuorescence recovery traces recorded from acceptor LDs were normalized to intra-
droplet ﬂuorescence intensities at the 1170-s time point after photobleaching, and plotted against time. Filled circles: background-subtracted ﬂuorescence traces recorded
from donor LDs were transformed by subtracting intra-droplet ﬂuorescence intensities remained in the donor LD at the 1170-s time point, and normalized to initial (taken
immediately after bleaching) intra-droplet ﬂuorescence intensities. The error bars represent S.E.M., n = 10. (D) The rates of BODIPY-C16 incorporation into the ‘‘A’’ (k1) and
release from the ‘‘D’’ (k1) LDs. Rates were calculated from single exponential association ﬁt of ﬂuorescent traces.
R. Somwar et al. / FEBS Letters 585 (2011) 1946–1950 1949for 20 s with 2.5 lM BODIPY-C16 in DMEM/0.5% (wt/vol) BSA.
Cells were then quickly washed twice with PBS/0.5% BSA and
incubated for 40–60 min in label-free DMEM. This step ensured
that ﬂuorescence reached a steady-state distribution in the cell.
Photobleaching was performed using the built-in FRAP module
of the Leica DM IRBE confocal microscope. For insulin stimulation,
cells were serum-starved for 5 h then treated with 100 nM insulin
for 20 min and ﬁnally labeled with 2.5 lM BODIPY-C16 in DMEM/
0.5% BSA for 5 min. Cells were then washed twice with PBS/0.5%
BSA and images captured with a 10 objective. BODIPY was ex-
cited using the 488 laser line and images were captured at
510 nm.
3.3. FA uptake measurements using a plate reader
3T3-L1 cells were grown and differentiated in 24-well tissue
culture plates. To determine the rate of BODIPY-C16 uptake, cells
were washed twice with PBS/0.5% (wt/vol) BSA and then incubated
for 20 min with PBS/0.5% (wt/vol) BSA supplemented with various
concentrations of BODIPY-C16. After the transport period, cells
were washed twice with PBS/0.05% BSA (wt/vol) and then lysed
in 0.05 N NaOH. Total ﬂuorescence was then quantiﬁed with a
plate reader. Standards of known concentration of BODIPY-C16
were also included to make sure there was no signal saturation.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2011.05.016.References
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